Mg-doped InN films grown by plasma-assisted molecular beam epitaxy were characterized by infrared reflectance. Signatures of p-type conductivity in the spectra were obtained in the same doping density range where the existence of net acceptors was found by electrolyte capacitance-voltage measurements. Numerical spectrum analysis, which takes into account the large broadening factor of the normal mode energies of longitudinal optical phonon-plasmon coupling yielded high hole densities in the range of ͑0. have reduced the error in the measurement of acceptor density by taking into account the effect of surface states. They have estimated the acceptor densities in a series of samples by controlling Mg density ͓Mg͔ and reported h of 17-36 cm 2 / V s from electrical conductivity measurements and the theoretical estimation of the activation yield. Infrared reflectance ͑IRR͒ is used for the analysis of carrier density and optical mobility based on the detection of the normal modes of longitudinal optical ͑LO͒ phonon-plasmon coupling ͑LOPC͒. We have shown that the surface electron accumulation has negligible effect on IR spectra, and consequently obtained the bulk properties of n-type InN. 6 The modulation of the normal mode energies by fast plasmon damping has been observed in other p-type III-V materials such as p-GaAs. 7, 8 In the present study we show the results of IRR analysis of Mg-doped InN samples that have been characterized by ECV analysis. The modulation of the normal mode energies by the fast plasmon damping is taken into account in the IRR analysis. 4, 5 The shape of IR spectra in the p-type region reflects the smaller mobility and larger effective mass of holes compared with electrons.
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Nitrogen polar InN layers were grown on the nitrogen polar GaN layers on ͑0001͒ ␣-Al 2 O 3 ͑sapphire͒ substrates by plasma-assisted molecular beam epitaxy. 2 The sample thickness was in a range of 0.65-0.75 m. The relationship between the Mg cell temperature and ͓Mg͔ was calibrated by using the secondary ion mass spectra measured on earlier samples.
2 IRR spectra were obtained at room temperature using s-polarized incident light making an angle of 30°with the surface normal of the samples; the resolution of the spectra was 2 cm −1 . In the case of ␣-Al 2 O 3 the phonon energies and their broadening factors obtained by the least-squares fitting of the experimental spectra agreed with those reported previously within a few cm −1 . 9,10 The high-frequency dielectric constant ͑ϱ͒ of GaN is 5.04 0 , 11 where 0 is the permittivity of vacuum. ͑ϱ͒ of InN is assumed to be 7.0 0 .
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The dielectric function of InN and GaN is expressed as
where ͑0͒ is the static dielectric constant; the subscripts pls and T indicate the modes of plasmon and transverse optical ͑TO͒ phonon, respectively; and E i and ␥ i ͑i = pls, T͒ denote the mode energy and broadening factor, respectively. The following Eq. ͑2͒ is an explicit expression of higher and lower LOPC energies of E + and E − :
The subscripts + and − indicate LOPC+ and LOPC−, respectively. The plasmon energy E pls is expressed as ប ͱ n j e 2 / ͑ϱ͒m j , where m j denotes the effective mass of electrons ͑j = e͒ or holes ͑j = h͒ and n j denotes the respective carrier density. The broadening factor ␥ i is related to the damping lifetime ប / ␥ i . The optical electron or hole mobility j opt is expressed as បe / m j ␥ p . E Ϯ were obtained as the real parts of the solutions of ͑E͒ = 0 using Eq. ͑1͒.
14 The adjustable parameters in Eq. ͑2͒ were n j / m j ‫ء‬ , ␥ pls , ␥ Ϯ , ␥ T and E T , where m j ‫ء‬ was m j / m 0 . IR reflectivity was calculated by approximation using the transfer-matrix method. 14 In the spectrum fitting, the parameters of InN layers were optimized. As we have stated previously, the effect of the surface electron accumulation has not been detected because of the large plasmon broadening. 14 We have used a model of p͑n͒-InN/ n + -InN/ n-GaN/ ␣-Al 2 O 3 structure in the fitting, where n + indicates a high electron density. It was found that in an interface region of thickness of approximately 50 nm, n e is approximately 1 ϫ 10 20 m e ‫ء‬ cm −3 for Mg-doped and undoped samples. 6 The theoretical E Ϯ are plotted as a function of n j / m j ‫ء‬ for different values of ␥ pls in Fig. 1. 14 The corresponding symmetry of the optical phonon mode is E 1 . The LO and TO mode energies are indicated by the dotted lines. The effect of ␥ pls on E Ϯ is negligible when ␥ pls is smaller than 100 cm −1 ; however, significant changes are observed in E Ϯ for large ␥ pls values. Thus, we have fitted the spectra taking into account this effect of ␥ pls on the LOPC mode energies. Figure 2͑a͒ shows an example of an IRR spectrum. We have characterized the spectrum on the basis of the minimum reflectance position around 800-900 cm −1 : E min , the reflectivity at 300 cm −1 : R͑300͒, and a ratio of R L / R T , where respective R T and R L are the reflectivities at the peak located around the TO phonon energy of 478 cm −1 and at the E 1 ͑LO͒ energy ͑E L ͒ of 593 cm −1 . The theoretical dependence of these factors on n j / m j ‫ء‬ and ␥ pls for a 0.75-m-thick film is as follows. E min and R͑300͒ increase with n j / m j ‫ء‬ ; the main contribution is from n j / m j ‫ء‬ although ␥ pls also affects the variation in the IR spectrum. E Ϯ for large ␥ pls , indicating weak LOPC, shift from the respective curves for ␥ pls =0 cm −1 as shown in Fig. 1 . In this case it has been theoretically shown that ␥ + and E + − E L decreases with an increase in ␥ pls . It has also been shown that the increase in ␥ + or ␥ pls and a decrease in
In the experimental result, since the dependence of R͑300͒ on ͓Mg͔ is similar to that of E min , it is estimated that n j / m j ‫ء‬ mainly contributes to both of these values. Figure 2͑b͒ shows a plot of E min and R L / R T . There are three characteristic regions with boundaries around the ͓Mg͔ values of 1.5 ϫ 10 18 and 3 ϫ 10 19 cm −3 . The variation in these values indicates a drastic change in the plasmon damping process and n j or m j ‫ء‬ around these boundaries, i.e., the transfer of carrier species or scattering processes. ͓Mg͔ in region II is the same range that net acceptors were detected by the ECV measurements. 4 Thus the spectrum characteristics show the properties of hole plasmons in region II.
We have performed fits to the measured spectral data. Figure 3͑a͒ shows ␥ pls and n j / m j ‫ء‬ as a function of ͓Mg͔. This figure also shows three characteristic regions with boundaries at the same the ͓Mg͔ values, i.e., 1.5ϫ 10 18 and 3 ϫ 10 19 cm −3 . Region II shows large ␥ pls and small n j / m j ‫ء‬ . Since ␥ T is almost constant at approximately 3 cm −1 , particularly in regions I and II, there is no significant deterioration in the crystal quality. Since m j ‫ء‬ is not used in this analysis, the characteristics of region II indicate a higher scattering rate of hole plasmons. The small ␥ pls values in region III indicate that LOPC is stronger in region III than in region II, and this fact agrees with the detection of net donors in region III in the ECV analysis. Assuming m h to be equal to 0.42m 0 ͑Ref. 2͒ and a parabolic valence band and a nonparabolic conduction band with E p =2͉͗S͉p x ͉X͉͘ 2 / m 0 =14 eV ͑implying m e ‫ء‬ at the ⌫ point of 0.046͒ n j and j opt were estimated; n j and j opt are plotted as a function of ͓Mg͔ in Fig. 3͑b͒ . The obtained h opt , i.e., 25-70 cm 2 / V s, is approximately twice of 5 This difference is attributed to the difference in the observed physical processes. The effect of columnar domain boundaries on IRR spectra is small.
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The features of the spectrum are explained as follows. The decrease in n e around the region in which all the carriers are compensated at ͓Mg͔ of approximately 1 ϫ 10 18 cm −3 causes a drastic decrease in ␥ + , leading to a significant increase in R L / R T . E min also decreases around this ͓Mg͔ value. The transition from n-type to p-type causes E pls to decrease due to the large effective mass and ␥ + to increase due to the increase in ␥ pls for holes, which in turn leads to smaller R L / R T and E min at ͓Mg͔ of 2.5ϫ 10 18 cm −3 . In region II, the large m j ‫ء‬ and large ␥ pls cause a small variation in E min . The decrease in ␥ + due to the weakening of LOPC and the increase in ␥ pls caused an increase in R L / R T . A further increase in n h enhances LOPC, which overcomes decoupling, and leads to the decrease in R L / R T . The rapid decrease in R L / R T at the boundary of regions II and III is caused by the rapid increase in ␥ + due to the strong LOPC in the n-type region. The increase in E min is attributed to the increases in n e , small m j ‫ء‬ , or small ␥ pls . The gradual increase in R L / R T in this region is attributed to the increase in E + − E L . Thus, the characteristics of the spectrum are satisfactorily explained by the model of the transition from n-type to p-type and once again to n-type.
References 15 and 16 suggest that since the splitting energy between ⌫ 9v and ⌫ 7v so of the spin-orbit ͑SO͒ split band is too small, the band cannot be resolved. 15, 16 It has been shown that the vertex of the crystal-filed ͑CR͒ split band ͑⌫ 7v CR ͒ is located at lower energy than ⌫ 9v by 25 meV. 15 From the charge balance equation, we have estimated the presence of about 10% of the total holes in the SO split band and another 10% in the CR split band on the basis of the acceptor activation energy of 61 meV ͑Ref. 2͒ and the analogy of the valence band structure of GaN: holes with k ʈ c in SO band or k Ќ c in CR band have heavy mass, and holes with k Ќ c in SO band or k ʈ c in CR band have light mass. We have assumed heavy mass of 0.42 and light one of 0.042 for InN. Furthermore we have assumed the valence band mixing of the CR and SO bands. Thus the present mobilities are effective mobilities with contributions from two or three valence bands.
In conclusion, we have investigated a series of Mgdoped InN samples with almost the same thickness by the s-polarized reflectance analysis. The spectrum shows a clear transition in the carrier properties with an increase in ͓Mg͔. In particular, the region where net acceptors have been found by the ECV analysis shows large m j ‫ء‬ and small mobility. This result strongly indicates E 1 ͑LO͒-hole plasmon coupling for ͓Mg͔ range of ͑2. 5 
